The parietal lobe is important for successful recognition memory, but its role is not yet fully understood. We investigated the parietal lobes' contribution to immediate paired-associate memory and delayed item-recognition memory separately for hits (targets) and correct rejections (distractors). We compared the behavioral performance of 56 patients with known parietal and medial temporal lobe dysfunction (i.e. early Alzheimer's Disease) to 56 healthy control participants in an immediate paired and delayed single item object memory task. Additionally, we performed voxel-based morphometry analyses to investigate the functional-neuroanatomic relationships between performance and voxel-based estimates of atrophy in whole-brain analyses. Behaviorally, all participants performed better identifying targets than rejecting distractors. The voxel-based morphometry analyses associated atrophy in the right ventral parietal cortex with fewer correct responses to familiar items (i.e. hits) in the immediate and delayed conditions. Additionally, medial temporal lobe integrity correlated with better performance in rejecting distractors, but not in identifying targets, in the immediate paired-associate task. Our findings suggest that the parietal lobe critically supports successful immediate and delayed target recognition memory, and that the ventral aspect of the parietal cortex and the medial temporal lobe may have complementary preferences for identifying targets and rejecting distractors, respectively, during recognition memory.
Introduction
Studies of recognition memory recently revealed that the parietal lobe (PL) plays a key function in memory processes (Gonzalez et al., 2015; Hutchinson et al., 2014; Olson & Berryhill, 2009) , but its precise role is not yet fully understood. One unresolved question is whether parietal involvement is necessary for or simply supports object memory, and what its role in this process may be with respect to the recognition of familiar items (hits) and the rejection of distractor items (correct rejections). Other open questions include a potential differential involvement of the PL for immediate vs. delayed recognition, and what the relative contributions of PL and medial temporal lobe (MTL) to recognition memory are. The present study addresses some of these issues in healthy controls and patients with known PL and MTL dysfunction, i.e. those with early Alzheimer's Disease (AD).
Functional magnetic resonance imaging (fMRI) studies with healthy individuals have been instrumental in describing the role of the PL in memory processes. The most consistent finding has been that the PL, particularly the ventral parietal cortex (VPC; supramarginal gyrus, angular gyrus, and temporal-parietal junction), shows significantly greater BOLD activity for hits (targets) than correct rejections (distractors) (Hutchinson et al., 2014; Kahn, Davachi, & Wagner, 2004; Wheeler & Buckner, 2003) . Likewise, the VPC is strongly activated for vivid recollections and confident judgments (for review see e.g. Cabeza, Ciaramelli, Olson, & Moscovitch, 2008; Ciaramelli, Grady, & Moscovitch, 2008; Rugg & Curran, 2007; Vilberg & Rugg, 2008; Wagner, Shannon, Kahn, & Buckner, 2005) , which are evoked, for example, by qualitative information about the context in which the stimulus was encountered (Tulving, 1985; Wheeler, Stuss, & Tulving, 1997) . These findings suggest that the VPC plays a more important role for the recognition of previously acquired target stimuli than for the correct rejection of new distractor stimuli.
To date, studies of patients with PL brain damage have only partially supported the fMRI findings: Ben-Zvi, Soroker, and Levy (2015) found that PL-lesioned patients were impaired on challenging paired associate recognition tasks, while only subtle impairments in recognition decisions were found in other patients with medial and/or lateral PL damage (Berryhill, 2012; Davidson et al., 2008; Schoo et al., 2011) , although impaired retrieval of autobiographical memories (Berryhill, Phuong, Picasso, Cabeza, & Olson, 2007) and source memory (Simons, Peers, Mazuz, Berryhill, & Olson, 2010; Simons et al., 2008) have been demonstrated. Additionally, Davidson et al. (2008) found that patients with parietal damage elicited fewer hits (targets) and fewer false recognition decisions than control subjects. These patient studies show that PL damage is associated with subtle memory impairments, but do not unequivocally support the hypothesis that PL is disproportionately more involved in targets relative to distractor decisions.
Non-human primate research demonstrated a densely interconnected network between the posterior parietal cortex and other cortical areas, most notably the MTL. Corticocortical inputs from the inferior parietal lobule are sent to the parahippocampal cortex (Suzuki & Amaral, 1994) and via the entorhinal cortex to the hippocampal formation (Insausti & Amaral, 2008; Kobayashi & Amaral, 2003; Rockland & Hoesen, 1999) . This interconnectivity between the inferior parietal lobule and the MTL suggests a functional cooperation between the PL and MTL during cognitive functioning such as memory processes. Indeed, retrieval-related activity, for example, during recollection of contextual details or old/new judgments have been found in MTL as well as PL, suggesting an integrated PL-MTL memory circuit in humans (Daselaar, 2006) .
We aimed to determine the extent to which VPC PL integrity is critical for object memory, separately for hits/targets and correct rejection of distractors, and to clarify the relative contributions of the MTL and VPC in these memory processes. We used a memory task in which previously seen pictures (hits/targets) and novel pictures (correct rejections/distractors) were presented and participants had to decide whether the stimuli were old or new. Immediate forced choice recognition of picture pairs after learning trials and delayed recognition of single-items were assessed. We also conducted voxel-based morphometry analyses (DARTEL approach; Ashburner & Friston, 2007) across whole brain grey matter volumes to investigate the functional-neuroanatomic relationships between behavior and voxel-based estimates of atrophy. We addressed these questions in 56 very early AD patients with known PL and MTL dysfunction and 56 demographically matched normal control (NC) individuals. As demonstrated by Budson, Sitarski, Daffner, and Schacter (2002) , AD patients tend to commit false positive errors during recognition tasks, which have been linked to perirhinal and hippocampal integrity, especially when stimuli are semantically confusable (Kivisaari, Monsch, & Taylor, 2013) . To study the potential contribution of PL to distractor performance independent of a potential contribution of the medial temporal lobe system, we additionally performed analyses using the memory sensitivity index (d 0 ) which controls for general biases in response behavior.
Methods

Participants
56 NCs and 56 patients (PATs) participated under local ethical approval and informed consent was obtained from all participants. The patient group consisted of twenty-six mild AD patients, who were diagnosed according to DSM-IV criteria (American Psychiatric Association, 1994; Mini Mental State Examination (MMSE) ! 24; Folstein, Folstein, & McHugh, 1975) , and 30 amnestic mild cognitive impairment (aMCI) patients, diagnosed according to DSM-IV and Winblad et al. (2004) criteria. Groups were pairwise matched according to sex, age, education, and task order (see section stimuli and task). All healthy control participants had undergone a thorough medical screening to ensure they were neurologically and psychiatrically healthy. In addition, they were administered and received normal scores on the Mini-MentalState Examination (MMSE; Folstein, Folstein, & McHugh, 1975) , California Verbal Learning Task (Delis, Kramer, Kaplan, & Ober, 1987) , Clock Drawing Test (Freedman, Leach, Kaplan, Winocur, Schulman, & Delis, 1994) , and short version of the Boston Naming Test (Kaplan, Goodglass, & Weintraub, 1978) . Nine NCs did not give consent to undergo magnetic resonance imaging (MRI). Therefore, a subsample of 47 NCs (21 male) and 47 demographically matched PATs (24 male; 21 AD, 26 aMCI) underwent anatomic MRI and were included in the voxel-based morphometry (VBM) analyses. Two PATs did not perform the delayed recognition task. Their sex-, age-and education-matched NCs were excluded from behavioral and VBM delayed recognition analyses. Demographic characteristics and MMSE scores are displayed in Table 1 .
Stimuli and task
Two sets of 60 realistic, black and white photographs of fruits (n = 60) and tools (n = 60) were used. Random assignment distributed participants to perform either the tool task before the fruit task, or vice versa, on a computer screen (15 in.) using E-Prime 2.0 (Schneider, Eschman, & Zuccolotto, 2002) . Within each semantic category, participants first completed a practice phase on a set of stimuli pairings that did not re-appear in the actual task. After the practice phase the participants performed a learning task where nine pairs of stimuli were presented. This was followed by an immediate forced choice recognition task in which the familiar target pairs were intermixed with 18 novel stimulus pairings (i.e. distractor pairings). Each distractor pair consisted of a photograph that was used in a target pair and a novel photograph. Participants were asked to decide for each stimulus pair whether they had seen it during the learning task or not. Following the standard clinical neuropsychological testing format for episodic learning and memory tests, learning and immediate recognition trials were repeated three times in total using the same stimuli. The procedure is illustrated in Fig. 1 . The percentage of correct answers summed from all three immediate recognition trials was analyzed separately for targets and distractor pairings. During the learning trials, pictures were presented for 3 s with an inter-trial interval of 2 s and leftright screen placement within the pairs was counterbalanced over the trials.
After a delay of on average 37 min. (SD = 13.75 min.), each picture from the learning task (n = 36) was shown individually in the delayed recognition task, in addition to 24 novel pictures. All pictures from the learning task were categorized as target items in delayed recognition and pictures that were shown for the first time in the delayed recognition task were treated as distractors. Participants were asked if the presented picture was one they had learned in the learning trial or not. In the fruit task, two target items had to be removed from delayed recognition analyses because of an experimenter error (the same picture was presented twice). In the recognition task, stimuli were shown for 5 s or until the participant responded, followed by an inter-trial interval of 1.5 s. During all tasks, pictures were presented in a pseudorandomized order. The experiment procedure is illustrated in Fig. 1. 
MRI acquisition
T1-weighted 3D magnetization-prepared rapid acquisition gradient echo images were collected on a 3T MRI scanner (MAGNETOM Verio, Siemens; inversion time = 1000 ms; repetition time = 2150 ms; echo time = 3.37 ms; flip angle = 7°; rectangular field of view = 87.5%; acquisition matrix = 256 Â 224 mm; voxel size = 1.1 mm isotropic) using a 12-channel head coil.
Whole-brain voxel-based morphometry (VBM)
MRI scans were preprocessed using the DARTEL method (Ashburner & Friston, 2007) in Statistical Parametric Mapping Software (SPM8, Wellcome Institute of Cognitive Neurology, www.fil. ion.ucl.ac.uk) implemented in Matlab 2010 (Mathworks Inc., Sherborn, MA; USA). First, MRI images were segmented into grey matter, white matter and cerebrospinal fluid volumes. Misclassifications of grey matter volume were manually identified by one of the authors (SLK) and the MPRAGE images were segmented again while masking the misclassifications (for more details see Kivisaari, Tyler, Monsch, & Taylor, 2012) . The re-segmented grey matter images where coregistered to DARTEL template and normalized to MNI space, modulated and smoothed with 8 mm FWHM Gaussian kernel.
Analyses
Item analyses were conducted to ensure that only item data were analyzed for which 55% of healthy control participants responded correctly, i.e. greater than chance. In a next step, we confirmed that the patient group performed significantly better than chance in both the immediate paired-associate and delayed recognition task. Then, remaining items from the tool task and fruit task were pooled (immediate associate task: 36 target pairs and 72 distractor pairs; delayed single-item recognition: 35 target items and 48 distractor items) and an overall percentage correct score was used as a measure of behavioral performance. For all further analyses including VBM, separate percentage correct scores for targets (hits) and distractors (correct rejections) were used, whereby performance in the immediate paired-associate task and delayed single-item recognition was evaluated separately. Behavioral data were analyzed with analyses of covariance (factors: group, target/distractor; covariate: age; IBM SPSS Statistics 21.0). Voxelbased regression analyses related behavioral measures (i.e.%-correct hits,%-correct rejections) to whole grey matter integrity (covariates: age, total intracranial volume) using a General Linear Model approach in SPM8 (Wellcome Institute of Cognitive Neurology, www.fil.ion.ucl.ac.uk). All mappings were thresholded at p < 0.001 or p < 0.01 uncorrected at the voxel-level and clusters surviving a random-field corrected p < 0.05 are reported in MNI space. Additionally, we conducted separate voxel-based regression analyses with the memory sensitivity index d' (d prime) for the immediate and delayed recognition tasks. This measure reflects the probability of correct hits relative to the overall tendency to give positive recognition responses (hits + positive response bias).
Results
Results of behavioral analyses
Percentage correct was significantly better than chance in both the immediate paired-associate task and delayed single-item recognition and in NCs and PATs (>50%; immediate recognition: PATs, t 
DARTEL-results
Voxel-based correlation analyses in PATs and NCs were conducted to evaluate the neuroanatomical bases of poorer performance on distractors vs. targets and immediate paired-associate vs. delayed single-item recognition. Poor immediate pairedassociate performance for targets was related to reduced volume in right VPC (peak voxel: 31, À49, 45, t = 5.03, p = 3.01E À4 ) but not MTL. Poor immediate paired-associate performance for distractors correlated with reduced volume in the rightlateralized MTL including the hippocampus (peak voxel: 29, 3, À18, t = 4.73, p = 2.95E
À8
) but not VPC (see Fig. 4 ). Poor delayed item-recognition performance for targets correlated with reduced volume in right VPC (peak voxel: 30, À48, 46, t = 4.53, p = 0.004) but not MTL. There were no significant clusters for distractors. Regression plots are provided in Figs. 2 and 3. DARTEL results for key factors are displayed in Fig. 4 .
The memory sensitivity measure d' was not associated with grey matter integrity at p < 0.001. However, lower memory sensitivity was associated with reduced volume in the parietal cortex, including the precuneus (peak voxel: À24, À46, 62; t = 3.89, p = 0.002), for delayed single-item recognition (see Fig. 5 ) at a height threshold of p < 0.01. There was no significant association between d' and grey matter integrity in the immediate paired recognition at p < 0.01.
Discussion
We investigated the PL and MTL contribution to hits and correct rejections in immediate paired-associate and delayed itemrecognition memory. Voxel-based morphometry results demonstrated that right VPC atrophy was associated with fewer hits in both immediate paired-associate and delayed item-recognition memory, but not with performance for distractor items. In contrast, MTL atrophy correlated with increased number of false positives for distractor stimuli in the paired-associate task but not with performance for targets. These results suggest that the VPC and MTL have different but complementary roles in paired-and single-object memory. Additionally, grey matter integrity of the posterior PL, including the precuneus, significantly correlated with delayed recognition performance as measured by d'. These findings support the concept of a parietal memory network (see for example Brodt et al., 2016 or Gilmore, Nelson, & McDermott, 2015 , and suggest a discriminative contribution of specific brain areas (e.g. MTL vs. PL) to diverse aspects of item recognition (e.g. targets vs. distractors or paired immediate vs. single-item delayed recognition).
Our findings suggest different neurocognitive processes for the retrieval of target and distractor items. The observed relationship between right VPC and performance with target stimuli corroborates functional imaging studies which link increased activity in this region with previously encountered stimuli (for review see Cabeza et al., 2008 and Wagner et al., 2005) . Our findings extend the existing data by suggesting that this region is critical for target memory, and does not merely play a supportive role, possibly due to the importance of this area in vivid recollection (Skinner & Fernandes, 2007) . Vivid recollection is based on objective information about the context in which a stimulus was acquired (Tulving, 1985; Wheeler et al., 1997) . More remembered details increase the vividness of a recollection and the recognition judgement is made with more confidence. Therefore, target decisions are made more confidently than distractor decisions in healthy participants. As demonstrated by Budson et al. (2002) , AD patients are often not able to distinguish between different levels of vividness when trying to recognize a stimulus and are at risk to generate more false positives than cognitively healthy participants (i.e. errors with distractors). Additionally, it is hypothesized that patients perform more poorly with targets than healthy participants because the old items do not trigger highly vivid recollections. This is consistent with a loss of vividness of remembering in patients with dam- age in PL, as reviewed by Skinner and Fernandes (2007) . The present finding of a significant relationship between target performance, but not distractor performance, and VPC volume supports this hypothesis. Future studies should include measures of grey matter integrity, picture-based memory tests and rating scales of experienced vividness to further clarify these relationships. The association between MTL integrity and performance with distractor items is also concordant with recent literature. It has been suggested that the MTL serves a preferential role in rejecting distractor items when these are easily confused with the target objects (see Kivisaari et al., 2013; McTighe, Cowell, Winters, Bussey, & Saksida, 2010) . The latter finding may be particularly evident with highly confusable stimuli as in the present task (Kivisaari et al., 2013) . In other words, as distractors in our task are very similar to the targets and share many features with them, they are rendered falsely familiar. A strong feeling of familiarity suffices to incorrectly recognize a distractor item, even though no contextual details about the item are retrieved (Yonelinas, 2002) . Therefore, correct rejections of confusable distractors need unique object identification which is putatively supported by the MTL (Kivisaari et al., 2013; McTighe et al., 2010) .
AD patients are at risk to commit more false positive errors during item recognition, which may be enhanced when only one stimulus at a time is presented (McTighe et al., 2010) . Indeed, this was the motivation for the current design of the paradigm. However, the use of different memory paradigms for immediate (picture pairs) vs. delayed (single pictures) recognition limits the interpretation of our results. MTL integrity was not significantly correlated with delayed recognition performance. This negative finding may reflect the decreased MTL contribution to recognition processes with time, or that the entire MTL more strongly supports associative recognition (e.g. picture pairs) than single-item recognition. The present study design does not enable us to differentiate these two possibilities.
The present results within the PL were restricted to the right hemisphere only. While most studies report an association of the left VPC with target recall (see Levy, 2012 or Wagner et al., 2005 for overviews), more recent patient and imaging studies suggest that the right PL indeed plays a significant role (Bellana, Liu, Anderson, Moscovitch, & Grady, 2016; Ben-Zvi et al., 2015) . Moreover, an association of the right PL with target recall is also consistent with the visual rather than verbal nature of our stimuli, and the lack of overt verbal response requirements (Buck, Black, Behrmann, Caldwell, & Bronskill, 1997) .
In summary, the present results indicate that the VPC is critically involved in the immediate paired-associate and delayed single-item recognition of previously encountered target stimuli, while MTL integrity was associated with immediate decisions to distractors. Future research will further determine the functional processes driving this VPC involvement in recognition memory.
